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Laser-Plasma Interaction with Solid Targets

® fs duration ® Standard for Laser Driven lon

® focal spot of Hm Laser Pulse Acceleration
<

® |>10"® W/cm? ® Interesting also for other types of
€E0 .o
ay = > 1 ' “ ' | " radiation
MeWC . .'
® But can we enhance the coupling
with the laser? Yes!
® Solid density < Target l
® pm thickness Advanced Targets

Fedeli, L., Formenti, A., Cialfi, L., Sgattoni, A., Cantono, G., & Passoni,
M. (2017). Structured targets for advanced laser-driven sources. Plasma
Physics and Controlled Fusion, 60(1), 014013.
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... and with Double-Layer Targets (DLTs)

Carbon Foam on Aluminum Substrate
MW _
SEre 4me?

Near-Ciritical Solid

Electron Substrate

~l pm

Densit
’ —

!

Density

of few mg/cm?

Mag= 2600KX 1 pm =4 - N s
Date :3 May 2016 | | ignal A= InLens POLITECNICO DI MILANO

Produced with Pulsed Laser Deposition (PLD)

Maffini, A., Pazzaglia, A., Dellasega, D., Russo, V., & Passoni, M. (2019). Growth
dynamics of pulsed laser deposited nanofoams. Phys. Rev. Materials, 3, 083404.
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.. and with Double-Layer Targets (DLTs)

Near-critical Foa
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High-Energy Photon Emission

Enhanced Acceleration of Electrons in Foam + Dense Substrate

|

Emission of High-Energy
Photons (keV-MeV) by

Electrons

Non-Linear Inverse Compton Scattering Bremsstrahlung

(NICS)

o . Scattering in the Coulomb field of nuclei inside the target
Scatterlng in the electromagnetlc fields and head-on

Improved by mm-thick high-Z substrate!

collision with the reflected laser pulse
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Motivations of Research

Interests

Tunable Laser-Driven High-Energy Photon Sources

Technological Applications and Fundamental Physics Studies:
Radiography, Tomography, Interrogation of Materials, Diagnostic for laser-plasma, QED regime exploration

Challenges

® Simulations are fundamental but must be critically used

° Novelty of non-conventional targets
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Non-linear Inverse Compton Scattering (NICS)

Electron feeling the Lorentz Force due to the presence of Strong Fields

,
‘~
~§
.
*
4
L]
.
~~~ )
~
N e
. eV

Non-linear! ao = .

NICS

keV-MeV

_ I
e N Inverse!

“

0
MeWC

>1

Electron Quantum Parameter X

X = E%\/(EJF% x B>2— (EC'V)2

2 -3 2
Lorentz Factor ~ = 2 Schwinger Field Es =

C»J

~1.3-10"%V/m

Maximized in
electron head-on
collision with the

laser pulse!

Compton Scattering

‘W g\ Lower

keV-MeV Energy

Quantum Effects y ~ 1

® discrete emission with maximum energy

® quantization of the motion of the electron
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Bremsstrahlung

----------

, Electron scattering in the Coulomb Field

- '.\'\ of a Target Nuclei
, X
@)
~ '\\'. /

. ® relativistic description
_/ ® quantization of the motion of the

electron in the Coulomb field

® screening from electrons around the
nucleus

® clectron-electron bremsstrahlung

Simple Cross-Section Form

do Z* 1
= (4,
d(hﬁd) 62 hw ( ) 7K’)

B=v/c kK=m/E
E' > Electron Kinetic Energy

Several cross-sections available:
° Seltzer—Berger (tabulated)

® Bethe-Heitler (analytic)
. eee

Koch, H. W. & Motz, J. W. (1959). Bremsstrahlung
Cross-Section Formulas and Related Data. Rev. Mod.
Phys., 31,920-955.

Marta Galbiati | SMILEI Workshop - 9 March 2022 n



Methods: Monte Carlo inside Particle-In-Cell (PIC)

Evaluation of High-Energy Photon Emission and Radiation Reaction at PIC simulation run-time

® Time interval between two emission events given by a non- Radiation ‘)V

homogeneous exponential distribution with time-dependent Regjeiion

Rate of Photon Emission ‘\‘\‘

—7(t) t
p(t) = Mt)e™™ @ A1) = daN/dt )= [ Ay ‘\A
NICS Bremsstrahlung Macro-Photon A’
dN V3 e*mecx w dN K‘

T F (w,x)
- == A 2 — = N,;0v
dt 2 h? ~« /0 w n dt l
o Samphng of Photon Energy and Back-Reaction Dual Treatment of Electromagnetic Radiation !!
hw f hw
Pph = —p =(1—-— — Gonoskov, A. et al. (2015). Extended particle-in-cell schemes for physics in

ultrastrong laser fields: Review and developments. Phys. Rev. E, 92, 023305.
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Methods: Alternatives

Evaluation of High-Energy Photon Emission after PIC simulation

® Feed a standard Monte Carlo code with the electron distribution computed by the PIC. Easy

for bremsstrahlung in DLTs or with a converter.

L

® Analytic estimations for NICS and Bremsstrahlung
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Methods: SMILEI 2D Simulations with NICS in DLTs

Smilei

General properties

Box size (x, y) (Variable, 40.96

pm)
Points per A (x, y) (50, 50)
CFL 0.95
Duration Variable
Processing units 144

Boris pusher, Silver-Muller in x, Periodic in

y, Load balancing, Fully lonized

Carrying on

GALILEO

CINECA

Caprani, R. Compact photon sources in multi-

PetaWatt facilities: a kinetic numerical investigation.

(2020) M.Sc. Thesis

Target Properties Vet
Homogeneous
Foamg(Z, A) (6,12) Wavelength A 08 pm MC Photon emission
PPCe  Variabledt0  “oPeimspace Gaussian Wiy | (28w
Substrate (Z, A) (13,27) Shape i time cos’ Minimum X 104
Density 450 n, Waist Jpm , 1 pho per
ope - FWHM 20 fs Sampling .
Thickness 2 um Angle of incidence 0° Tl5llas Default
+ Contaminants Polarization inear, in
plane
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NICS in DLT

Simulation Parameters:

e Laser: a,=o0 (5.4x10% W/em?) ,
waist 3 pm, FWHM=20 fs g

® Homogeneous carbon foam of 1.5 

pm and density 2 n_
® Substrate of 2 ym of Al

® 4 Channels involved in the

Energy Exchange
® 2 Distinct Phases of High-
Energy Photon Emission

1.0

0.00 42

EM Field Electrons
0.4
~
202
)
T T 0.0 T T T
100 200 0 100 200
t[fs] t [fs]
NICS Photons Ions
Burst __0.101
3
3 0.05
Ram
47
T T 0.00 - T T T
100 200 0 100 200

t [£s] t [fs]
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NICS in DLT - High-Energy Photons

® High-Energy Emission follows the Laser Pulse propagation and peaks in front of the substrate

Photon Number Density

4Of
30 1
E)
=X 20 -
> ]
10
10 20 30 40 50
X [pum]
1073 102 10! 10° 10!
nph/nc [-]

[arb. units]
90°

270°
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NICS in DLT - Fields and Electrons

Relativistic Self- ® Superposition Direct Laser Acceleration | ® Counter-
Focusing in Foam when reﬂecting on of electrons and propagation
(optimal length) the Substrate Burst Transversal Oscillations with the Pulse
30.0 1 ] Lt 7
| o FWHl\ﬁI'vofE2+‘v | = Electr(’)‘!r)l;,'" 2
27.5 Pt J —Fhotgiis cth o 10000 =
] ] =]
25.0 . o
_ 35 5 : 00 %
2251 : . %
g ] ] 0
= 20.0 1 .
> ] ]
17.5‘E ‘ 10! -
15.0 ‘ ; £
] ] 107 &
12.5 C
] T T T T T T T T T - T T T T T T T T T T T T T ' 10_3
0 5 10 15 20 25 30 35 0 5 15 20 25 30 35

X [um] X [um]
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Analytic estimations for NICS

Emitted Power in High-Energy Photons by all Electrons

Computed from Macro-Electrons

led
2.5 1
PIC dE  2am?ct 9
— classical analytic dt = 3n Z Xe g(xe)we
— 2.01 quantum analytic e
§ 15 - Classical limit
'g g(xe) =1
= 1.0 -
S With quantum effects
= 0.5 oo [ 242 2,3
( )_% 2y°Ks (y) +36xey K2 (y) .
X =% Jy | @+3xew)? | C+3xen)t |V
0.0 1
0 25 150 175 200

t [fs]
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Analytic estimations for NICS

Spectrum in energy of all emitted Photons by Electrons

1% Ep ~ C df
Kz( ) + (11— 5 (:B)da: dE, “~omputedfrom
E2 3
) Macro-Electrons

dE, dt/ {dE \/_Whv(l; —E,)

10*° 1

- 2 Ep
— PIC Y= 3(B. - B,)x(E.)

— analytic

1

Cut-off determined by

electron sampling

o [ o [u—
) () ) ()
i [ p— ot
(=) [\ -~ (@)}

1

dN/dE [arb. units]

—_
S
%o
1

0 100 260 300 AC

00 560
E [MeV]
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Impact of Target Parameters for NICS

e JSum B =00gm
. . —— [=10 um — [=25um
Evolution of Emitted i is5m g
® Higher power peak = foam length
gnerp P 5 Power
slightly longer than the self-Focusmg
agne\ 2
|ength —\/Fwo< 0 )
® Laser is absorbed at high densities — T :2 ﬂ_, 1 asF
no burst F 30 T |
® Trend = Low densities (1-2 n ) and = 23
: g 20 ]
large foam thickness (20-25 pm) 215 | T
= 10 7 Foam =
05 1 Density
Changed Parameters: 00 T ,

250
® Foam densities: 1-2-5-10 n_

® Foam length: 5-10-15-20-25 pym
° A : 20-40-50-60 (0.9-3.5-5.4-7.8x10%' W/cm?)
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Methods: Bremsstrahlung Simulation

Bremsstrahlung modelling

Monte Carlo inside PIC Monte Carlo after PIC
® Mean-field or collisional approach ® Standard mean-field approach.
. N . | & GEANTS
® More self-consistent and realistic ® Thick targets = Yes! A smuLaron roouKit
® Computational Challenges: ® Neglects electron recirculation effects
ps duration ® Need to think about PIC coupling.

thick (1-10 mm) targets Recuiad
equre resources
solid densities (100-1000 nc) AT TaW AL>

Most accurate collisional approach

) . ° °
not available in open source code » Could be |mp|emented n Sm.le' )
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Methods: Bremsstrahlung Simulation

EPOCH

® Averaging Approach to Bremsstrahlung simulation

Seltzer-Berger tabulated cross-sections

dN Seltzer, S. M., & Berger, M. J. (1986). Bremsstrahlung energy
a0t

spectra from electrons with kinetic energy 1 keV-10 GeV incident
on screened nuclei and orbital electrons of neutral atoms with Z =

1-100. Atomic Data and Nuclear Data Tables, 35(3), 345-418.

no collisions among electrons and ions : ) .
8 ° synthe5|s of various theoretical and

Martinez, B., Lobet, M., Duclous, R., d’'Humieres, E., & Gremillet, L. (2019).

High-energy radiation and pair production by Coulomb processes in particle-in- eXPerlmental reSU|tS

cell simulations. Physics of Plasmas, 26(10), 103109. Y range O'F e|ectron energies: 'FI"OI’T] e|ectron
® Screening Effects not taken into account properly rest energy up to 10 GeV
V= . . ® atomic screening
e " lonized Species
S0 . ® electron-electron bremsstrahlung
L V7 inthe Plasma
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Bremsstrahlung in DLTs

Simulation Parameters:

® Laser: a,=20 (8.7x10%° W/cm?), waist 3

pm, FWHM=30 fs
® Carbon foam, densities 2-5-10 n ,

lengths 2-5-10-15-20 pm
® Minimum Photon energy = 10 keV

3D 80 n.

® Substrate of 1pmof Al — 2D 450 n. -

Not optimal for Bremsstrahlung

Formenti, A., Galbiati, M., & Passoni, M. (2022). Modeling and simulations
of ultra-intense laser-driven bremsstrahlung with double-layer targets.

Plasma Physics and Controlled Fusion, 64(4), 044009.
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dN/dE [arb. units]

® Number and Power In emitted photons by foam and substrate electrons 1!

1013 4
1011 4
109 4

107 4

Analytic estimations for Bremsstrahlung

E [MeV]

dE /E do / do
— = N;VeW E,—dFE NiVeWe —dFE
® Spectrum in energy of all emitted photons
dN, Eemas o dN,
—— (nit)sub T
dE, E, dE, dE.
— PIC —PIC
= retrieved 1013 4 == retrieved
— MC M C
Foam Thickness 5 pm § 10% 4 Foam Thickness 20 pm
Foam Density 5 n_ E Foam Density 1 n_
-3 109_
5
107_
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o
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o
o

dE/dt [arb. units]
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dE/dt [arb. units]
N IS

o
L

foam lel?2

o
IS
L

— = retrieved

0 50 100

lell

150 200 250 300
t [fs]

substrate 1e13

(e)]
L

T
=

150 20 I
t [fs]

-1.75
- 1.50
L1.25 £
=
b |
F1.00 g
©
F0.75 5
<}
-0.50 £
- 0.25
- 0.00

T
w

dN/dt [arb. units]

Marta Galbiati | SMILEI Workshop - 9 March 2022 _



Bremsstrahlung vs NICS

Spectra in energy of all emitted Photons by Electrons

° °
Foam Thickness 25 pm - Foam Density 1n_ Sm.|e. )

Al Substrate Thickness 2 pm

20 40 50 60
I | | | > ao
o 10%7
:'é‘
3_1014_
0
©
'u—J'loll_
o
% 108_
0 200 400 0 200 400 0 200 400 O 200 400
E [MeV] E [MeV] E [MeV] E [MeV]
— NICS —— NICS analytic

—— BREM MC —— BREM analytic
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Conclusions

NICS and Bremsstrahlung are both interesting for the development of

Tunable Laser-Driven High-Energy Photon Sources.

® DLTs can be optimized for emission changing target parameters.
® Complementary analytical estimations are available.

® Complementary modelling strategies for Bremsstrahlung with advantages

and disadvantages.

Perspectives

® Use Smilei) for further investigations of NICS in DLTs (e.g. 3D)

® Development of Bremmstrahlung module in Smilei)

° Experiments!
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